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The use of s u p e r c r i t i c a l  media as so lven t s  i n  coa l  e x t r a c t i o n  i s  of i n t e r e s t  
because of t h e i r  unusual so lven t  a b i l i t i e s .  I n  a review of t h e  genera l  concept of 
s u p e r c r i t i c a l  gas  e x t r a c t i o n ,  Paul  and Wise (1)  d i s c u s s  t h e  so lven t  p rope r t i e s  of 
materials above t h e i r  c r i t i ca l  temperatures (Tc). These s u p e r c r i t i c a l  vapors d i s -  
p lay  unusual so lven t  powers when compressed t o  l i q u i d  d e n s i t i e s .  
naphthalene i n  s u p e r c r i t i c a l  e thylene  ( a t  320 K), for example, is  increased  by a fac tor  
of lo3 when the vapor d e n s i t y  is increased  from about 0.1 t o  about 0.6 g/cm3 ( 2 ) .  

The s o l u b i l i t y  of 

Whitehead and W i l l i a m s  appl ied  t h i s  p r i n c i p l e  t o  t h e  e x t r a c t i o n  of coal w i th  
hydrocarbons i n  t h e i r  s u p e r c r i t i c a l  state (3). 
conta in ing  38% v o l a t i l e  matter i n t o  to luene  a t  350'C (Tc f o r  t o luene  i s  31SoC), or a. 
quan t i ty  of e x t r a c t  t h a t  w a s  g r e a t e r  than t h e  t a r  y i e l d  from ca rbon iza t ion  of t h e  
same coa l .  

They ex t r ac t ed  about  20% of a coa l  

In t h e  work d iscussed  here,  w e  used a number of d i f f e r e n t  so lven t s  as coal 
d i s s o l u t i o n  media, a l l  a t  tempera tures  above t h e i r  r e spcc t ive  c r i t i c a l  temperatures.  
Our ob jec t ives  w e r e  t o  i n v e s t i g a t e  a poss ib l e  structure/solvent-power r e l a t i o n s h i p  
and t o  determine i f  t h e  so lven t  has  t o  be s t r i c t l y  above i t s  c r i t i ca l  temperature t o  
be e f f e c t i v e .  Our exper iments  are b r i e f l y  descr ibed  below. 

Experimental 

A l l  experiments were c a r r i e d  ou t  i n  a 300 c m 3 ,  316 stainless s teel ,  MagneDrive 
s t i r r e d  au toc lave  from Autoclave Engineers. W e  used samples o f  bene f i c i a t ed  
I l l i n o i s  No. 6 coal, and a North Dakota l i g n i t e . *  Most of the experiments were done 
a t  335% f o r  90 minutes.  

I t  was necessary under  these  test cond i t ions  t o  be a b l e  t o  sepa ra t e  any 
materials so lub le  i n  t h e  media from t h e  ma te r i a l  i n s o l u b l e  dur ing  the  epxerirnent. 
T h i s  precaution would e l i m i n a t e  any confusion of r e s u l t s  i n  cases  where a s i g n i f i c a n t  
f r a c t i o n  o f  the  coa l  w a s  so lub le  a t  test cond i t ions  but i n so lub le  when t h e  system was 
brought back t o  ambient temperature and pressure .  Accordingly, w e  designed a coa l  
f i l t e r  "basket" for t h e s e  experiments (F igure  1). 
s t a r t i n g  coa l  between t w o  s i n t e r e d  g l a s s  d i s c s  wi th in  t h e  au toc lave  so  t h a t  any 
material d isso lved  under ou r  s u p e r c r i t i c a l  cond i t ions  would be ca r r i ed  through these  
d i s c s  and found o u t s i d e  t h e  baske t  a f t e r  t h e  experiment. 

Our procedure w a s  t o  p lace  t h e  

Q 
The s a m p l e s  were provided by Pennsylvania S t a t e  Univers i ty ,  whose des igna t ion  f o r  
t h e  coal samples w a s  PSOC-26 and f o r  t h e  l i g n i t e ,  PSW-246. 
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Resu l t s  and Discussion 

Supercr i  ti cal Ex t rac t ion  

We performed a number of experiments wi th  seve ra l  media, bo th  wi th  and wi thout  
t h e  ex t r ac t ion  appara tus  (baske t )  i n  the  r eac to r ,  and under i d e n t i c a l  experimental  
cond i t ions .  The r e s u l t s  i n  Table  1 show t h a t ,  f i r s t ,  t h e  degrees  of e x t r a c t i o n  are 
small, no more than  about 13% f o r  t h e  b e s t  cases, and second, t h a t  t he  va lues  f o r  
ma te r i a l  d i sso lved  i n  each  medium a f t e r  r eac t ion  a r e  v i r t u a l l y  t h e  same both wi th  
and wi thout  t he  basket.  Thus, t h e  s u p e r c r i t i c a l  media are e x t r a c t i n g  up t o  about 
13% of t h e  s u b s t r a t e ,  and t h a t  e x t r a c t  i n  t u rn  i s  s o l u b l e  i n  t h e  r e spec t ive  media 
a t  ambient condi t ions .  The e x t r a c t i o n  f o r  Run 86 i s  s i g n i f i c a n t l y  low, perhaps 
because the  l i g n i t e  tended t o  agglomerate under t h e  condi t ions  of t h i s  experiment, 
thereby reducing c i r c u l a t i o n  of i-propanol through t h e  basket.  

Clear ly ,  f i l t r a t i o n  under s u p e r c r i t i c a l  cond i t ions  w a s  no t  necessary t o  ob ta in  
t h e  maximum d i s s o l u t i o n ,  and t h e  promise of s u p e r c r i t i c a l  e x t r a c t i o n  appeared 
diminished i n  view of t h e  low e x t r a c t i o n  va lues .  To confirm these  f ind ings ,  w e  
made seve ra l  a d d i t i o n a l  runs  wi th  coa l  i n  a wide range of so lven t s  without t he  
baske t  a t  seve ra l  d i f f e r e n t  so lven t  d e n s i t i e s .  

We found it u s e f u l  t o  cons ide r  a l l  our e x t r a c t i o n  da ta  i n  terms of t he  
Hildebrand s o l u b i l i t y  parameter of t he  r e spec t ive  so lven t s .  This  parameter is  a 
measure of t he  cohes ive  fo rces  i n  a s o l u t i o n  and i s  expressed by the  r e l a t i o n  
b = a'b/V, where a i s  van  d e r  Waal's in te rmolecular  term and V is t h e  molar volume 
( 4 ) .  I n  addi t ion ,  t h e  s o l u b i l i t y  parameter has  been cons idered  i n  terms of p o l a r  
and nonpolar con t r ibu ions  [4( .)I. The app l i ca t ion  of t he  s o l u b i l i t y  parameter t o  
c o a l  processing has  been d iscussed  by Angelovich e t  a l .  (5), who concluded t h a t  
so lven t s  with a nonpolar s o l u b i l i t y  parameter of about 9.5 appeared t o  be most 
e f f e c t i v e  i n  c o a l  d i s s o l u t i o n .  

Giddings e t  a l .  ( 6 )  found a c o r r e l a t i o n  between so lven t  c a p a b i l i t i e s  and 6 
values  of a number of s u p e r c r i t i c a l  f l u i d s  a t  l i q u i d  d e n s i t i e s .  The i r  express ion  

1 

c r  

de f in ing  the  parameter i s  
6 = 1 .25  P2p / p ( l i q )  1) 

where Pc is t h e  c r i t i c a l  p re s su re  i n  atmospheres, p r  i s  t h e  reduced dens i ty ,  and 
p (1 iq )  i s  the  reduced d e n s i t y  o f  l i q u i d s ,  assumed t o  be about 2.66. We can  thus  
vary t h e  6 va lue  fo r  a given medium simply by vary ing  t h e  experimental  dens i ty .  

The pyr id ine  s o l u b i t i o n  of our s t a r t i n g  c o a l  is 13$. Figure  2 compiles a l l  
ou r  e x t r a c t i o n  d a t a  and  p l o t s  t h e  t o t a l  pyr id ine  s o l u b i l i t i e s  of t h e  coa l  products 
versus  the  Hildebrand s o l u b i l i t y  parameter va lue  fo r  each medium, a s  determined by 
Equation 1. Each experiment y ie lded  both  a f i l t r a t e  so luble  i n  the  r eac t ion  
medium and a f i l t e r a b l e  r e s idue .  All f i l t r a t e s  were pyr id ine-so luble ,  and the  
s o l u b i l i t i e s  i n  p y r i d i n e  of each  of t h e  r e s idues  were determined a t  room tempera- 
t u re .  The va lues  used i n  the  f igu re  are the  t o t a l  s o l u b i l i t i e s ,  ob ta ined  by sum- 
ming t h e  f r a c t i o n  of t h e  s t a r t i n g  coa l  represented  by t h e  f i l t r a t e ,  and the  
pyr id ine-so luble  f r a c t i o n  of t h e  s t a r t i n g  c o a l  i n  t h e  res idue .  
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Table 1 
SUPERCRITICAL EXTRACTION OF ILLINOIS NO. 6 COAL AND 

NORTH DAKOTA L I G N I T E  ( a t  335'C for 60 min)a 

45 

49 

27 

16 

1 I S u p e r c r i t i c a l I  

Toluene 
, ( s u b c r i t i c a l )  0.65 

Benzene 
( s u p e r c r i t i c a l )  0.70 

Toluene 
( s u p e r c r i t i c a l )  0.65 

Benzene 
( s u p e r c r i t i c a l )  0.70 

j Run No. Medium Mode 
Type 

305 

305 

335 

335 

Lig- 
n i t e  

2400 8 12 13 

2400 8 11 13 

3400 13 21  24 

4100 10 22 20 

84 

86 
65 - 

Basket 

Basket 

Basket 

iPrOH 0.3 

Benzenz 0.6 
Benzene' 0.6 No Basket 

:::$ ::: No Basket 

Toluene 0.2 Basket 
Toluene 0.2 No Basket 
iPrOH 0.1 Basket 
iPNH 0.1 No Basket 

1 
Recovered 

95 
92 
97 
94 

a5  g coa l  or l i g n i t e ;  r eac to r  volume, 280 ml. 
b 
Room temperature s o l u b i l i t i e s  of t he  s t a r t i n g  coa l  and l i g n i t e d  
a r e  l e s s  t han  1% i n  a l l  t h e  t e s t  so lven t s .  

'1 g coa l ,  f o r  3 h r .  

dl g coa l .  

Table 2 
EXPERIMENTS ON ILLINOIS NO. 6 COAL WITH TOLUENE 

BELOW AND ABOVE ITS CRITICAL TEMPERATURES FOR 90 MINUTES 

aThe c r i t i c a l  temperatures  for toluene and benzene a r e  320'C and 

b 
288 '~ ,  r e  spec t i v e l  y . 
The c r i t i c a l  p re s su res  of toluene and benzene a r e  630 p s i  and 
720 p s i ,  r e spec t ive ly .  

'The "F i l t "  v a l u e s l a r e  t h e  f r a c t i o n  of t h e  product  c o a l  which is 
so lub le  i n  t h e  test medium a t  room temperatures.  
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The p lo t  may be roughly s p l i t  i n t o  two regions.  The upper region o f  
r e l a t i v e l y  high py r id ine  s o l u b i l i t i e s  r ep resen t s  da t a  from p rev ious ly  discussed 
work with alcohols  as  €I-donor Solvents  (7). 
t h e  lower l i n e .  
u b i l i t y  of t h e  un t r ea t ed  coal i t s e l f  i n  pyridine.  

The bulk of t he  d a t a  f a l l s  about 
Most of  t h e  s o l u b i l i t i e s  a r e  below 13% o r  l e s s  than the  sol-  

We used p res su re  ranging from about 700 p s i  f o r  t h e  lower 6 values t o  
about 4000 p s i  for t he  h ighes t .  Within t h e  range of so lven t s  s tud ied ,  and with 
t h e  exception of  t h e  H-donor a l coho l s ,  no gross  d i f f e r e n c e s  a r e  apparent between 
so lven t  types.  For example, a l l  t h e  hydrocarbons (o), both a l i p h a t i c s  and aro-  
mat ics ,  c l u s t e r  well  about  the l i n e ,  a s  does t h e  s i n g l e  point  f o r  water ( e  ). 
Methanol (a) is a l s o  c l o s e  t o  t h e  l i n e  and apparent ly  does not  s e rve  a s  an H- 
donor* under these cond i t ions .  The two so lven t s  a l i t t l e  above the l i n e  a r e  
py r id ine  (3) and t -bu ty l  a l coho l  (v ). Pyr id ine  is a well  known so lven t  i n  
c o a l  work; i ts e x t r a c t i o n  c a p a b i l i t y  i s  appa ren t ly  not  enhanced by high p res su res  
and temperatures and its s u p e r c r i t i c a l  s t a t e .  The alcohol ,  on t h e  o the r  hand, 
cannot operate as an H-donor, and ye t ,  unexpectedly,  t he  p l o t  shows it t o  be a be t -  
ter solvent  t han  methanol. 

The roughly l i n e a r  c o r r e l a t i o n  displayed by t h e  d a t a  suggests  t h a t  t he  
d i s s o l u t i o n  process  is n o t  a func t ion  of t h e  so lven t  type,  bu t  r a t h e r ,  i s  sens i -  
t i v e  t o  the d e n s i t y  ( i . e . ,  p re s su re )  of t h e  medium. Perhaps what w e  observe is  
an i n i t i a l ,  r e v e r s i b l e  thermal fragmentation of a c r i t i c a l  l i n k  i n  coal .  

followed by some means of  s t a b i l i z a t i o n  by solvent  ( S )  

4' + S - s t a b l e  product 

The nature  of t h e  s t a b i l i z a t i o n  p rocess  remains i n  quest ion.  

The p o s i t i v e  s lope  of  t he  lower l i n e  i n  Figure 2 suggests  t h a t  g r e a t e r  
degrees  of e x t r a c t i o n  might be p o s s i b l e  a t  higher  6 values .  The po in t  l abe led  
d i n  the  f igu re  is  f o r  a 6 value of  7 .5  and is  taken from an experiment with 
benzene a t  4100 p s i .  I f  we make t h e  appropriate  s impl i fy ing  assumptions 
r ega rd ing  l i q u i d  compress ib i l i t y ,  we can c a l c u l a t e  t h a t  f o r  a 6 value of 10, 
where by e x t r a p o l a t i o n  we would expect  a py r id ine  s o l u b i l i t y  of 2 3 ,  a p re s su re  
i n  excess of 7800 p s i  would be r equ i r ed .  C lea r ly ,  e x t r a c t i o n s  a t  t h se  p re s su re  
would not be p r a c t i c a l .  

E f fec t  of S u p e r c r i t i c a l  S t a t e  

F ina l ly ,  to  determine i f  t h e  s u p e r c r i t i c a l  s t a t e  is  s t i c t l y  necessary t o  
o b t a i n  the small  e x t r a c t i o n s  d i scussed  here ,  we compare t h e  r e s u l t s  of using 
to luene  and benzene a t  305'C and 335OC. These temperatures  a r e  above t h e  TC of 

* 
We have r ecen t ly  found t h a t  with some bases  p re sen t ,  methanol ope ra t e s  very 
wel l  a s  an H-donor a l coho l .  
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benzene (288OC), but  below and above, r e spec t ive ly ,  t h e  Tc of toluene ( 32OOC). 
The r e s u l t s  of t h i s  s e r i e s  of runs a r e  presented i n  Table 2. 

The benzene i n  Runs 49 and 16 i s  s u p e r c r i t i c a l .  With inc reas ing  tempera- 
t u re ,  a small  i nc rease  can be seen i n  t h e  te t rahydrofuran (THF) and p y r i d i n e  
values .  S imi l a r  changes can be seen fo r  toluene i n  Runs 45 and 27 over t h e  same 
temperature range, where toluene is below and above i t s  Tc, r e spec t ive ly .  

The changes observed a r e  due t o  temperature d i f f e rences  alone. These conver- 
sions a r e  thus due t o  the  presence of a dense medium a t  high temperatures .  We 
conclude, t he re fo re ,  t h a t  whether an e x t r a c t i o n  medium i s  s t r i c t l y  s u p e r c r i t i c a l ,  
t h a t  is, above the  c r i t i c a l  temperature,  is of l i t t l e  consequence. 
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